The low-temperature longitudinal and Hall resistances of a two-dimensional electron gas are studied in the presence of a magnetic barrier created under the edge of a thin ferromagnetic film. An in-plane external magnetic field allows us to tune the barrier height within the classically transmissive regime. A theoretical model is presented that predicts the size and shape of the resistance correction for the ballistic case in the presence of a single magnetic barrier. The model that contains no adjustable parameters is in qualitative agreement with the experiment. The size of the predicted resistance correction agrees with the measurement within a factor of 2.
The low-temperature longitudinal and Hall resistances of a two-dimensional electron gas are studied in the presence of a magnetic barrier created under the edge of a thin ferromagnetic film. An in-plane external magnetic field allows us to tune the barrier height within the classically transmissive regime. A theoretical model is presented that predicts the size and shape of the resistance correction for the ballistic case in the presence of a single magnetic barrier. The model that contains no adjustable parameters is in qualitative agreement with the experiment. The size of the predicted resistance correction agrees with the measurement within a factor of 2.
Electrical transport of electrons in two dimensions in the presence of inhomogeneous magnetic fields raises fundamental questions and promises the realization of novel devices. Experiments focusing on fundamental issues used random inhomogeneous magnetic fields created either by vortices in superconductors 1 or by ferromagnetic layers 2 placed on top of a two-dimensional electron gas ͑2DEG͒. Electron transport involving periodic magnetic field modulation was also studied experimentally. 3, 4 While the first of these experiments were devoted to the observation of commensurability effects, 3 a novel giant classical magnetoresistance due to the presence of the periodic arrangement of magnetic barriers was discovered. 4 In recent experiments the number of magnetic barriers has been decreased down to the least involved case of a single barrier. [5] [6] [7] [8] In Ref. 5 a 3 m thick magnetic barrier could be realized in a nonplanar 2DEG. In other studies 6-8 a different approach was used: if a thin magnetic film is placed on top of a heterostructure its in-plane magnetization can be saturated in an external in-plane magnetic field. In this case the out-of-plane component of the fringe field under the edge of the film creates a magnetic barrier for electron transport with a width of the order of 100 nm determined by the separation of the 2DEG from the magnetic film. Magnetic field strengths of more than 0.5 T have been realized. 8 In Ref. 7 the utilization of such an arrangement as a ''hybrid Hall effect device'' was suggested. The theory and modeling relevant for these experiments is due to Peeters and co-workers. [9] [10] [11] [12] [13] [14] They concentrated on the Hall resistance in the ballistic 12 and in the diffusive regime 13, 14 and presented results for the longitudinal resistance in the diffusive regime. 13 In this paper we present low-temperature measurements of the longitudinal and Hall resistances in ferromagnetic/ semiconductor hybrid devices of the same type used by Kubrak et al. in Ref. 8 . Our results for the longitudinal resistance in the presence of magnetic barriers in the classically transmissive regime are qualitatively similar to those reported by these authors for magnetic barriers saturating in the classically opaque regime. We propose a transport model for the longitudinal resistance in the presence of a magnetic barrier for the ballistic regime and compare it with the experimental findings. It is found that the model predicts a V-shaped resistance correction in qualitative agreement with the experiments. The size of the resistance correction agrees within a factor of 2 with the experiment. We find experimentally that in addition to the magnetic barrier, fringe fields are present in the electron gas during magnetization reversal of the film, which may diminish the resistance correction observed in our experiment.
The samples investigated in this study are based on a conventional GaAs/Al 0.3 Ga 0.7 As heterostructure grown by molecular beam epitaxy with the heterointerface 37 nm below the sample surface. Hall bar structures were fabricated with photolithographic techniques as depicted schematically in Fig. 1͑a͒ All measurements shown below were carried out in a 4 He cryostat at temperatures down to 1.7 K. They were recorded using the standard lock-in technique with a 73 Hz ac current between 100 nA and 5 A applied between contacts 6 and 12 ͑see Fig. 1͒ . A magnetic field was applied in the plane of the 2DEG ͑with an accuracy of Ϯ0.01°) and parallel to the direction of current flow. In order to avoid a hysteresis due to lock-in time constants, the magnet was not swept continuously but rather the field was set to a fixed value and after a time considerably longer than the lock-in time constant, the data point was taken. This corresponded to a sweep rate lower than 50 mT/min.
The electron sheet density was determined from classical Hall measurements and from the Shubnikov-de Haas effect to be nϭ5.5ϫ10 15 m Ϫ2 . The Hall mobility is ϭ70 m 2 /V s at 1.7 K, giving an elastic mean free path of l el ϭ8.6 m.
In Fig. 2͑a͒ we show the Hall resistance R xy measured between voltage probes 4 and 8. It shows the hysteresis of the cobalt film that is reflected in the normal component of the fringe field penetrating the active area of the Hall cross. From this measurement we determine the saturation value ⌬R xy ϭ6.25 ⍀ and a coercitive field of B c ϭ60 mT. The curve apparently shows the symmetry R xy (sweep up) (B)ϭ ϪR xy (sweep down) (ϪB) expected from the corresponding symmetry of the magnetization of the cobalt film. The measurement is consistent with the idea that the magnetic fringe field of the cobalt film creates a magnetic barrier in the electron gas right under the edge of the film ͓see Fig. 1͑b ,c͔͒. This inhomogeneous field distribution in the Hall cross causes the measured Hall signal. Figure 2͑b͒ shows R xy measured between voltage probes 2 and 10, i.e., under the center of the square cobalt film. Note that the resistance scale differs by a factor of 20 compared to Fig. 2͑a͒ . Again a hysteresis with a similar symmetry is observed, but it differs in magnitude and in the characteristic field scale from that in Fig. 2͑a͒ . The main hysteretic feature appears below a field of ͉B͉Ͻ1 T. But even up to fields of ͉B͉ϭ2.5 T down and up sweeps give different R xy and, unlike in the case of Fig. 2͑a͒ , R xy (sweep up) ϾR xy (sweep down) is observed. This hysteresis sits on top of a step of the Hall signal of magnitude 2⌬R xy ϭ0.35 ⍀. This step is most likely due to an asymmetric placement of the square cobalt film with respect to the voltage probes in the direction of the current. This measurement shows that even below the cobalt film there exist fringe fields that mainly come into play during the process of magnetization reversal. These fringe fields are ͑al-most͒ absent at large external magnetic fields and also around zero external field.
In Fig. 2͑c͒ the longitudinal resistance R xx measured between voltage probes 9 and 10 is shown. A V-shaped hysteretic dip with a magnitude of about 3 ⍀ is observed in the region where R xy in Fig. 2͑a͒ is hysteretic as well. These curves are qualitatively similar to those reported in Ref. 8 . In our measurement the cusps occur at the coercitive field B c ϭϮ60 mT and the curves have the dominant symmetry R xx (sweep up) (B)ϭR xx (sweep down) (ϪB). Choosing different pairs of voltage probes for measurements of R xx (B) allows us to measure pieces of the Hall bar with up to four magnetic barriers in series. We find that the magnitude of the dips ⌬R xx ϭR xx (Bϭ1.5 T)ϪR xx (B c ) is a linear function of the number of magnetic barriers with a slope of 3.5 ⍀ per barrier. We find a relative deviation of not more than Ϯ3.5% from this value for any individual barrier.
In Fig. 2͑d͒ we show the longitudinal resistance measured between the voltage probes 8 and 9. The hysteresis curve shows neither the symmetry of R xx nor that of R xy but rather seems to contain both contributions. This behavior is expected in the diffusive as well as in the ballistic regime. In the former, the presence of the magnetic barrier leads to a finite Hall angle in the Hall cross between contacts 8 and 4. A part of the corresponding Hall voltage will appear on the potential of contact 8 and therefore appears in the longitudinal resistance measured between 8 and 9. In the ballistic case the magnetic barrier affects the symmetry of the transmission coefficients between the contacts under consideration, leading to an antisymmetric contribution to the longitudinal resistance as well. From these arguments it is plausible that this is also the case for the intermediate range between the ballistic and the diffusive transport regime.
In accordance with Ref. 14 we calculate the magnetic field profile in the 2DEG resulting at the edge of the cobalt film due to its magnetization. Under the assumption that the width of the cobalt film exceeds the width of the Hall bar ͑in our case by several hundred nanometers͒ we arrive at the expression 
for the field component normal to the electron gas, where M s is the saturation magnetization of cobalt, x is measured along the Hall bar with xϭ0 under the edge of the film, D is the film thickness, and d is the distance from the 2DEG to the cobalt film. Using this formula with the saturation magnetization for bulk cobalt of 0 M s ϭ1.8 T and the geometric dimensions of our samples, we arrive at the magnetic field profile depicted in Fig. 1͑c͒ . It should be emphasized at this point that the process of magnetization reversal in thin films is complicated and hard to predict theoretically. Equation ͑1͒
should be valid at high magnetic fields where the magnetization of the cobalt film can be assumed to be saturated in the direction of the external field. Lowering the magnetic field will in general not only lead to a steady decrease of the magnitude of the magnetization M from its saturation value M s , but at the same time domain walls will be formed. It is evident from Fig. 2͑b͒ that additional fringe fields are present in the 2DEG at external fields ͉B͉Ͻ0.5 T. In Ref. 7 it was shown that in a square film in the absence of any external magnetic field four domains appear whose magnetization vectors form a closed loop. Such a configuration would not lead to fringe fields in the electron gas. The results of model calculations 12, 13, 15, 16 suggest that the Hall resistance in the presence of inhomogeneous magnetic fields takes the general form
where ͗B z ͘ is the normal component of the magnetic field averaged over the area of the Hall cross and ␣* is a constant which depends on the geometry of the structure and on the elastic mean free path. In the case of a ballistic Hall cross ␣*ϭ1 has been shown. 12 In the diffusive case the active area can be larger since the diffusing electron can probe the magnetic field a certain distance away from the Hall cross and still diffuse back into one of the Hall contacts. 13, 15, 16 This leads to values ␣*Ͻ1. 13 This approach involving the average magnetic field is assumed to suffice here, though it may not properly account for drifting states due to the van Alphen drift.
The average magnetic field in the Hall cross is ͗B z ͘ ϭcM s /L . The constant c has the dimension of a length and can be obtained from Eq. ͑1͒ by integrating the logarithmic term over the extent of the barrier. It depends on d and D and is in our case given by cϭ49 nm ͑calculated with Dϭ100 nm, dϭ42 nm, i.e., 37 nm cap plus 5 nm average wavefunction setback͒. The measured Hall signal at large external magnetic fields is R xy ϭ6.25 ⍀ ͓see Fig. 2͑a͔͒ . Assuming that the magnetization of the cobalt film is saturated at its literature value of 0 M s ϭ1.8 T we determine ␣*ϭ0.50. This value seems to be rather low for a system in which l el is comparable to L . An alternative interpretation would assume ␣*ϭ1 as expected for ballistic systems and conclude that the magnetic barrier height corresponds to an effective magnetization of the cobalt film, which is about half the literature value. Although the latter interpretation seems to be unlikely, since excellent agreement with the literature value for the saturation was achieved, e.g., in Ref. 17 , we will pursue these two extreme variants (␣*ϭ0.5,1) in the following and work out their consequences.
For the discussion of the longitudinal resistance R xx in Fig. 2͑c͒, i. e., the electron transport across the magnetic barrier, we introduce the critical angle ͑following Ref. 8͒ c ϭarcsin͓1Ϫ(ecM s )/(បk F )͔. The angle is measured between the axis along the Hall bar (x axis͒ and the direction of the velocity vector of an electron incident on the barrier ͓see inset of Fig. 2͑c͔͒ . The angle dependent transmission T() for an electron is T()ϭ0 if c ϽϽ/2 and T()ϭ1 otherwise. Following the semiclassical approach in Ref. 18 we calculate the average classical transmission through the barrier
With the literature value for the cobalt magnetization we compute for our arrangement ͗T͘ϭ64%. If the effective barrier height is only half its expected value we have ͗T͘ ϭ82%. A full quantum-mechanical description of the transmission can be found in Ref. 9 . The contribution of the magnetic barrier acting as an additional scatterer to the longitudinal resistance can be estimated following the Landauer formula ⌬Rϭ h
͑4͒
Here Nϭ2W/ F is the number of modes across the Hall bar and F is the Fermi wavelength of the electrons. With the above values ͗T͘ϭ64% and ͗T͘ϭ82% the corrections are expected to be ⌬Rϭ6.1 ⍀ and ⌬Rϭ2.4 ⍀, respectively. As mentioned above we determine ⌬Rϭ3.5 ⍀ for a single barrier in the experiment, which is well within the prediction of the model. The model assumes that the transport across the magnetic barrier is phase coherent and ballistic. In view of a barrier width of about 100 nm compared to a mean free path of more than 8 m the latter assumption seems to be a good first approximation. In measurements of the temperature dependence of the resistance only little changes are observed in ⌬R up to 77 K, indicating that neither quantum effects nor phase coherence play a significant role here. Nevertheless we state that according to the theory 19 we expect a phase coherence length of more than 30 m at 1.7 K in our structures.
It is tempting to use a magnetic-field-dependent magnetization M (B) in Eq. ͑3͒ instead of M s , which leads to a magnetic-field-dependent average transmission ͗T(B)͘. This allows to predict a magnetic-field-dependent ⌬R(B) from Eq. ͑4͒. M (B) can be extracted from the measurement of R xy (B) in Fig. 2͑a͒ using Eq. ͑2͒, since ͗B z ͘ϭcM(B)/L .
The result of such a procedure is depicted in Fig. 3͑a͒ ͑dotted lines͒. It is characteristic for this model that around the coercitive field ⌬R(B) increases linearly with the external magnetic field, which is due to the fact that the Hall resistance can be approximated by a linear function around B c . At large fields ⌬R(B) saturates due to the saturation of the magnetization M (B). We emphasize that this model contains no free parameters and makes a prediction for the size of the resistance correction. The shape of ⌬R(B) may be inferred from the shape of the hysteresis in R xy .
For comparing the measured ⌬R(B) ͓Fig. 2͑c͔͒ with the predictions of the model for the two cases (␣*ϭ0.5,1) we show measurement and model in Fig. 3͑a͒ . Although the measured size of the effect is well described by the model, the actual shape of the measured curve differs from the model. Especially around B c the sharp linear increase of ⌬R in the model is not observed in the measurement. The same observation has also been made by Kubrak et al. in their structures. 8, 20 In addition, one observes in Fig. 3͑a͒ that the curvature of the measured curve has the opposite sign of that of the predicted curves.
We suggest that the assumption that only the magnetic barrier at the edge of the cobalt film determines ⌬R(B) may not be justified for this measurement. If we measure R xx between voltage probes 9 and 10 we are sensitive to any fringe fields in the whole area between these two contacts ͓see inset of Fig. 3͑a͔͒ . Since during magnetization reversal in addition to the magnetic barrier at the film edge fringe fields arise under the film ͓as is evident from Fig. 2͑b͔͒ , ⌬R(B) will be raised by these additional field inhomogeneities, especially in the region of ͉B͉Ͻ1 T. This influence diminishes the magnitude of the observable resistance correction ⌬R and modifies the detailed shape of the ⌬R(B) curves.
In order to support this hypothesis experimentally we compare the symmetrized resistance measured between voltage probes 8 and 9 with the predicted curve for ␣*ϭ0.5 in Fig. 3͑b͒ . It is necessary to symmetrize the data according to R symm (sweep up) (B)ϭ͓R xx (sweep up) (B)ϩR xx (sweep down) (ϪB)͔/2 since the voltage in probe 8 contains a significant contribution from the Hall effect. The difference between the measurement between contacts 9 and 10 and that between 8 and 9 lies in the fact that the former ͑9-10͒ probes a certain region under the cobalt film while the latter ͑8-9͒ is sensitive only to the region under the edge of the film. However, since probe 8 averages over the potential on both sides of the magnetic barrier the measured ⌬R will be smaller than that measured between 9 and 10. The symmetrized ⌬R(B) values are therefore multiplied by a factor of 6.2 to the size of 6 ⍀ and plotted in Fig. 3͑b͒ ͑solid line͒ together with the model ͑dot-ted line͒. The measured curve does indeed produce the expected shape around B c and even reproduces the expected slope d͓⌬R(B)͔/dB. A similar multiplication with the experimental curve in Fig. 3͑a͒ does not at all agree with the prediction. These results support the hypothesis that ⌬R(B) measured between contacts 9 and 10 is influenced by inhomogeneous stray fields under the cobalt film occurring during magnetization reversal. Our model is based on various assumptions that we wish to highlight. First, we have assumed that M (B)ϰR xy (B), which implies that ␣* is independent of B and results in ⌬Rϰ͉BϪB c ͉ in the limit B→B c . Second, we assume ideal barriers and do not take any fluctuations in the barrier height or in the barrier position into account that may arise due to imperfections of the magnetic film. Third, we neglect elastic scattering events that may occur during an electron traverse of the barrier. Further experimental and theoretical efforts are necessary in order to clarify the detailed shape of the measured V-shaped resistance.
In conclusion, we have studied the electron transport across single magnetic barriers in a 2DEG created by the deposition of a thin ferromagnetic cobalt film with the emphasis on understanding the correction of the longitudinal resistance. To this end we have presented a model suitable for the ballistic transport across the barrier, which predicts the size and the shape of the resistance correction ⌬R(B) from the knowledge of the barrier height at different external magnetic fields. The accurate determination of the latter with electrical transport experiments has not yet been achieved. Taking this uncertainty into account the measured size of the resistance correction is well predicted by the model. We suggest that the resistance correction deviates from the prediction of the model if the area between the voltage pairs covers a significant region under the magnetic film. Fringe fields occurring under the film during magnetization reversal may contribute to this deviation.
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